Tourniquet-related complications are a common clinical problem. In the present study, we compared the effects of dexmedetomidine vs. oxycodone in patients undergoing limb ischemia-reperfusion.
Background
In vascular or orthopedic surgeries, tourniquet placement is a conventional technique used to create bloodless operating fields [1] . However, tourniquet use can lead to significant acute limb ischemia-reperfusion (I/R) injury, characterized by inflammation, tissue edema, muscle necrosis, microvascular perfusion deficits [2] , and even remote multiple-organ injuries [3] . In addition to I/R injury, tourniquet inflation can induce a hyperdynamic response [4] . Although tourniquet-induced I/R injury and hyperdynamic response have been recognized for several years, the complex pathophysiologic mechanism and therapeutic interventions are not completely understood.
It is generally agreed that postischemic reperfusion injury involves generation of reactive oxygen species (ROS) and inflammatory cytokines [5] . Furthermore, there is growing evidence that remote multiple-organ injury is correlated with systemic inflammatory response [6] . Therefore, exploring effective strategies to minimize the generation of ROS and ameliorate tourniquet-induced hyperdynamic and inflammatory response could enhance the recovery of patients undergoing limb ischemia-reperfusion.
Dexmedetomidine (Dex) is a new type of highly selective a 2 adrenergic receptor agonist. It is an agent that provides sedative, anxiolytic, and analgesic effects, which has been used on surgical patients as an adjuvant anesthetic. Several studies have shown that Dex has a protective effect against I/R injury in multiple organs [7] [8] [9] , and previous studies revealed that the effect of Dex in attenuating inflammation is associated with vagal-dependent mechanisms [10] . However, whether Dex influences tourniquet-induced I/R injury remains unclear.
Oxycodone (Oxy), a μ and k opioid receptor agonist, is increasingly used worldwide to treat a variety of painful disorders [11] . Recently, several studies suggested that Oxy not only provides potent analgesia but also relieves the inflammatory response [12, 13] . To date, no study has investigated the anti-inflammatory effects of Oxy in patients undergoing limb ischemia-reperfusion.
The aim of the present study was to evaluate the effects of Dex and Oxy on the inflammatory response in patients undergoing lower-limb I/R, to compare hyperdynamic response of patients receiving Dex or Oxy, and to test and compare whether Dex or Oxy can attenuate the tourniquet-induced I/R injury.
Material and Methods

Participants
This prospective, randomized, double-blinded study protocol was approved by the Ethics Committee of the Third Hospital of Hebei Medical University (2018-016-1) and was conducted in the hospital between September 2018 and May 2019. This trial was registered at chictr.org.cn (ChiCTR1800018510).
A biostatistician, who was independent of data management and statistical analyses, generated random numbers using SPSS17.0 software (SPSS, Inc., IL, USA).
Based on a previous study (expected difference in means, 13; expected standard deviation, 9.5) [14] , the sample size of the study was estimated with an alpha of 0.05 and power set at 80%, and analysis showed that a sample size of 18 patients in each group was sufficient to acquire statistical significance of between-group differences. Taking into account a loss to follow-up rate of about 6%, we planned to enroll 60 patients. A trained study staff member was responsible for obtaining written informed consent from all recruited patients.
Inclusion criteria of the present trial were as follows: cooperative patients aged 20-75 years, ASA (American Society of Anesthesiologists) physical status I-II, elective orthopedic lower-limb surgeries, and tourniquet duration for 60-90 min. We excluded patients if they had a history of habitual use of anxiolytics or other drugs that affect the central nervous system. In addition, if they refused spinal and epidural anesthesia or refused to cooperate, patients were excluded from the study ( Figure 1 ).
Experimental protocols
During the study period, the patients underwent routine preoperative preparation. An anesthesiologist who did not participate in the rest of the study was involved only in preparing and dispensing the study drugs according to the randomization results. After entering the operating room, we used standard monitoring devices to assess electrocardiography (ECG), heart rate (HR), noninvasive blood pressure (NIBP), and peripheral capillary oxygen saturation (SpO2).
Combined spinal and epidural block anesthesia were performed at L3-L4 with 2.5 ml of 0.375% bupivacaine. Prior to tourniquet inflation, patients in the Dex group received a loading dose of Dex (0.8 μg/kg), followed by continuous infusion of Dex (0.4 μg/kg/h) until the end of surgery, while in the Oxy and control groups, oxycodone (0.05 mg/kg) and an equal amount of 0.9% saline were administered, respectively, followed by continuous infusion of 0.9% saline until the end 9074 of surgery. During the surgery, the block level was maintained at approximately T8-T10. Furthermore, to maintain hemodynamics stability, patients were given ringer lactate solution and hydroxyethyl starch injection.
Heart rate (HR), systolic arterial pressure (SAP), mean arterial pressure (MAP), diastolic arterial pressure (DAP), and HR×SAP (RPP) were recorded at the following time points: before anesthesia (T0), 1 min before tourniquet inflation (T1), 15 min intervals from the beginning of tourniquet inflation (T2, T3, T4, T5, and T6, respectively), and 1 min after tourniquet deflation (T7). At the end of surgery, we recorded operation and tourniquet duration, loss of blood, fluids administered, and urine volume. Beyond that, blood samples were obtained from a peripheral vein in the upper extremities before anesthesia (T0) and at 30 min (T8) and 6 h (T9) after tourniquet release. Plasma was separated by centrifugation at 3000 rpm for 5 min and stored at -80°C for further analysis.
For quantification the serum concentration by enzyme-linked immunosorbent assay (ELISA), commercially available ELISA kits for measuring human tumor necrosis factor-a (TNF-a, Proteintech), interleukin-6 (IL-6, Proteintech), brain-derived neurotrophic factor (BDNF, Proteintech), fatty acid binding protein 3 (FABP3, Elabscience), and endothelin-1 (ET-1, Elabscience) were used. Superoxide dismutase (SOD) and malondialdehyde (MDA) were tested to determine oxidative stress using a human assay kit (Jiancheng Co., Nanjing, China).
Statistical Analysis
SPSS17.0 (SPSS, Inc, IL, USA) was used for statistical analysis. All hemodynamic, I/R, and immune parameters at all time points and in all groups are expressed as median, minimum, maximum, and percentiles. The Kolmogorov-Smirnov test was used to test variables for normal distribution. For clinical characteristics of the patients, data are expressed as frequency and mean±standard deviation. The chi-square test was used to analyze discrete variables, and continuous variables were analyzed with one-way analysis of variance (ANOVA). For all hemodynamic, I/R, and immune parameters, repeated-measures analysis of variance with Bonferroni corrections was performed to determine statistical significance among different time points and groups. Statistical significance was considered as P<0.05.
Results
Clinical Characteristics of Patients
The chi-square test and one-way analysis of variance (ANOVA) were used to analyze clinical characteristics of the patients. No significant differences were observed among groups in terms of sex, age, ASA physical status, BMI, type of surgery, operation time, tourniquet duration, or fluid balance (except for urine volume) ( Table 1 ). The urine volume in the Dex group was higher than in the control and Oxy groups (p<0.05).
Perioperative variables of patients
Descriptive statistics were applied for perioperative variables of hemodynamic, I/R, and immune parameters, as shown in Tables 2 and 3 , and all data are expressed as median, minimum, maximum, and percentiles.
Hemodynamic changes among groups
Repeated-measures analysis of variance was performed to analyze hemodynamic parameters among groups. For baseline hemodynamic data of HR, SAP, MAP, DAP, and RPP, no significant difference was found among groups (Figure 2A No significant difference was observed between the control and Oxy groups in HR values, while HR values in the Dex group measured at T1, T2, T3, T4, T5, T6, and T7 were significantly lower than in the 2 other groups (p<0.05) ( Figure 2A ). Tourniquet use caused significant increases in SAP in the control group, as the SAP values recorded at T3, T4, T5, T6, and T7 were significantly higher than at T1 (p<0.05) ( Figure 2B ). Dex or Oxy loading caused variations of SAP, MAP, and DAP values by time interaction effects. The SAP values measured at T4, T5, T6, and T7 in the control group were significantly higher than those in the Dex and Oxy groups (p<0.05). In addition, SAP values recorded at T6 and T7 in the Dex group were significantly lower than in the Oxy group (p<0.05) ( Figure 2B ).
As shown in Figure 2 , tourniquet use caused significant increases in MAP in the control group, as the MAP values recorded at T4, T5, and T6 were significantly higher than at T1 (p<0.05) ( Figure 2C ). Furthermore, MAP values measured at T6 and T7 in the control group were significantly higher than in the Dex group (p<0.05). MAP values observed at T4, T5, and T7 were significantly lower in the Oxy group than in the control group (p<0.05), and MAP values measured at T4 were significantly lower in the Oxy group than in the Dex group (p<0.05) ( Figure 2C) .
In contrast to SAP, tourniquet use caused significant increases in DAP in the control group only at T6 (p<0.05), and no significant change was observed in DAP between groups except at T2 and T4. The value of DAP in the control group recorded T1  T2  T3  T4  T5  T6  T7   110   100   90   80   70  MAP (mmHg)   T0  T1  T2  T3  T4  T5  T6  T7   90   80   70   60  DAP (mmHg)   T0  T1  T2  T3  T4  T5  T6  T7   14000   12000   10000   8000   6000  RPP (HR×SAP)   T0  T1  T2  T3  T4  T5  T6  T7   160   140   120   100  SAP (mmHg)   T0  T1  T2  T3  T4  T5  T6 
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at T2 was significantly lower than in the Dex and Oxy groups (p<0.05). At T4, DAP values in the Oxy group were significantly lower than in the Dex group (p<0.05) ( Figure 2D ).
The magnitude of changes in RPP was significantly different among groups. Those variance values in the control group indicated that tourniquet use also caused RPP increases, as the RPP values measured at T5 and T6 were significantly higher than at T1 (p<0.05) ( Figure 2E ). Consistent with HR, the RPP values in the Dex group at T1, T2, T3, T4, T5, T6, and T7 were significantly lower than in the control group (p<0.05). RPP values in the Oxy group were significantly lower than in the control group only at T3 and T4 (p<0.05), and although no statistically significant difference was observed at other time point, the RPP values were slightly lower compared with the control group. RPP values measured at T1, T5, T6, and T7 in the Oxy group were significantly higher than in the Dex group (p<0.05) (Figure 2E ).
MDA and SOD levels
Repeated-measures analysis of variance was performed to compare the levels of MDA and SOD among groups. Compared to baseline, the levels of MDA were significantly higher in the control group at T8 and T9 (p<0.05). In contrast, MDA levels in the Oxy group measured at T8 and T9 were comparable to those measured at T0, while MDA levels in the Dex group measured at T8 were comparable to those measured at T0. Furthermore, compared with the control group, the level of MDA in the other 2 group at T8 and T9 were significantly lower (p<0.05) ( Figure 3A) . In all groups, SOD levels at T8 and T9 were significantly lower compared with T0 (p<0.05), and SOD levels in the Dex and Oxy groups at T8 and T9 were higher than in the control group (p<0.05) ( Figure 3B ).
TNF-a and IL-6 levels
Repeated-measures analysis of variance was performed to compare the levels of TNF-a and IL-6 among groups. Plasma TNF-a and IL-6 levels were significantly higher in the control group at T8 and T9 compared with baseline, while in the Dex and Oxy groups, significantly increased levels of TNF-a and IL-6 were observed only at T9 (p<0.05) ( Figure 4 ). As shown in Figure 4 , compared to the control group, plasma TNF-a and IL-6 levels in the Dex and Oxy groups at T9 were significantly lower (p<0.05) (Figure 4) , and the level of TNF-a in the Oxy group at T8 was significantly lower than in the control and Dex groups (p<0.05) ( Figure 4A ). In terms of plasma IL-6 levels, no significant difference was observed between the Dex group and Oxy group at T8, while significantly lower IL-6 levels were observed in the Oxy group at T9 (p<0.05) ( Figure 4B ).
FABP3, ET-1, and BDNF levels
Repeated-measures analysis of variance was performed to compare the levels of FABP3, ET-1, and BDNF among groups. As shown in Figure 5 , plasma FABP3 levels were significantly increased in the control group at T8 and T9 compared with baseline, while significantly increased of FABP3 levels were observed only at T9 in the Dex group (p<0.05). In the Oxy group, no significant difference was observed among the 3 time points. Compared to the control group, FABP3 levels in the Oxy group at T9 were significantly lower (p<0.05) ( Figure 5A ).
Compared with baseline, the levels of ET-1 in the control and Oxy groups were significantly higher at T8 and T9 (p<0.05). In contrast, ET-1 levels in the Dex group measured at T8 and T9 were comparable to those measured at T0. Compared to the control group, ET-1 levels in the Dex and Oxy groups at T9 were significantly lower (p<0.05) ( Figure 5B ). 
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Plasma BDNF levels in the control group were decreased at T8 and T9, but these decreases were statistically significant only at T9 compared with baseline (p<0.05). For the Dex group, there was no significant difference among the 3 time points. Furthermore, compared to the control group, BDNF levels in the Dex group at T9 were significantly higher (p<0.05). For the Oxy group, the levels of BDNF were significantly lower at T8 and T9 than at T0, while the BDNF levels at T8 and T9 were significantly lower than in the Dex group (p<0.05). In addition, the BDNF levels of the Oxy group at T8 were significantly lower 9081 than in the control group (p<0.05), while similar levels were observed at T9 (p>0.05) ( Figure 5C ).
Discussion
Although tourniquet use plays a pivotal role in vascular or orthopedic surgeries, there are -several local and systemic complications related to this device, such as hyperdynamic response, nerve palsy, skeletal muscle damage, and even remote multiple-organ injury [3, 4] . Therefore, exploring effective strategies to minimize the damage of tourniquet-induced acute limb ischemia-reperfusion injury can significantly improve outcomes for this large group of patients.
Previous studies confirmed that tourniquet inflation caused a hyperdynamic response, and an augmented sympathetic outflow contributed to increases of epinephrine and norepinephrine in plasma has been proved to be an essential mechanism in this response [15] .
Our data revealed that Dex can relieve the tourniquet-caused hyperdynamic response, as shown by decreases of HR and SAP compared to the control group. Furthermore, we found that the Dex effectively reduced SAP, and this effect was gradually amplified with the extension of tourniquet inflation time.
Meanwhile, for DAP, we found that Dex had no significant effects, which differs from the findings of Lao [14] . Some studies have shown that patients with more stable perioperative hemodynamics had lower postoperative mortality [16, 17] . So, a gradual decrease of Dex dosage rather than a fixed dosage should be considered with the extension of tourniquet inflation time.
Similar to Dex, Oxy also was found to decrease SAP compared with the control group, but had no significant effects on HR and DAP. Our data also revealed that the efficacy of Oxy in reducing SAP gradually decreased with the extension of tourniquet inflation time, which was in contrast to the effect of Dex. The mechanisms underlying these observed differences remain to be elucidated. Although urine volume must be considered, there is no doubt that the pharmacokinetics and pharmacodynamics of Dex and Oxy result in their unique effects, which we plan to investigate in future research.
Beyond the primary hemodynamic parameters, we also calculated the rate-pressure product (RPP) (HR×SAP) because RPP predicts myocardial oxygen consumption [18] . As shown in Figure 2 , Dex and Oxy decrease RPP, which means these 2 drugs can reduce intraoperative myocardial oxygen consumption.
Extremity surgery with tourniquet use is associated with the generation of ROS, such as H 2 O 2 . These ROS can lead to cellular components damage and initiate the lipid peroxidation process. Malondialdehyde (MDA) is often used to indicate ROS levels [19] . The human body has a defense system against ROS, the first-line defense is antioxidant enzymes such as superoxide dismutase (SOD); these enzymes can accelerate the conversion of ROS into less reactive species and propagate the free radical chain reactions [20] [21] [22] .
Our study confirmed that tourniquet inflation caused the generation of ROS, because increased MDA levels and decreased SOD levels were observed with respect to baseline. Compared to the control group, MDA levels in the Dex and Oxy groups were significantly lower, while SOD levels were significantly higher. Furthermore, these 2 investigated parameters were comparable between the Dex and Oxy groups. According to our results, Dex and Oxy may offers advantages by suppressing lipid peroxidation and renovating the antioxidant defense system.
In the present study, we showed that tourniquet-induced acute limb ischemia-reperfusion can lead to a systemic inflammatory response, as shown by increased levels of TNF-a and IL-6.
As one of the most sensitive and earliest-released inflammation factors, TNF-a plays a central role in initiating the inflammatory reaction of the innate immune system [23] . Previous studies indicated that the blood concentration of IL-6 was correlated with an increasing incidence of complications, and could be used as a predictor of tissue damage severity [24, 25] . In our study, TNF-a and IL-6 levels were significantly elevated after tourniquet release in the control group, but the increases in the Dex and Oxy groups were relatively less. Compared to Dex, Oxy has more obvious advantages in relieving inflammatory response.
Fatty acid binding protein 3 (FABP3) is a cytosolic protein that binds fatty acids for cellular metabolism in muscle cells, and is expressed at higher concentrations in muscle tissues [26, 27] . When myofibers are damaged, serum levels of the biomarker increase. In addition, the magnitude of the biomarker is correlated with histopathological alterations. Because of the greater relative expression of FABP3 in heart and in skeletal muscle, FABP3 has been used as a serological biomarker of skeletal muscle or cardiac injury [28, 29] .
Previous studies have revealed that tourniquet use can lead to significant acute local skeletal muscle injury and even remote cardiac injury [30, 31] . Data from this study showed that FABP3 levels were significantly elevated after tourniquet release in the control group, while FABP3 concentrations in the Dex and Oxy groups were slightly lower. Our findings suggest that Dex or Oxy administration can attenuate tourniquet-induced skeletal muscle and cardiac injury.
As a biologically active substance, endothelin-1 (ET-1) is a potent vasoconstrictive and mitogenic peptide mainly produced by endothelium [32] , and its pleiotropic effects have been implicated in the regulation inflammation and vascular physiology [33, 34] . A previous study confirmed that elevated ET-1 level is associated with endothelial dysfunction [35] , suggesting that ET-1 may be used as a surrogate for endothelial function. In addition, increased risk of morbidity and mortality have also been associated with ET-1 levels in patients with or without cardiovascular disease [36] . The present study shows that the concentration of ET-1 was significantly higher after tourniquet removal, and Dex and Oxy could observably mitigated these effects.
Evidence suggests that systemic inflammation (SI) after surgery can induce cognitive complications via immune interacts with the central nervous system [37] . In clinical practice, this condition can translate into prolonged length of hospital stay, increased health care costs, and higher mortality [38] . Although the precise mechanisms are unclear, mounting evidence suggests that neuroinflammation is a key pathogenetic element in a number of cognitive disorders [39] .
Several studies proved that brain-derived neurotrophic factor (BDNF), a member of the neurotrophin family, can exert antineuroinflammation effects [40] . Our study demonstrated that plasma BDNF in the control group remained little changed at T8, but was significantly lower at T9, which suggests an increased risk of cognitive complications. Compared to the control group, this neurotrophin was significantly higher at 6 h after tourniquet release in the Dex group, suggesting that treatment with Dex can decrease the prevalence of cognitive disorders. This result is consistent with a study by Su et al. [41] , who found Dex could prevent the incidence of delirium in elderly patients after non-cardiac surgery.
Compared with the control and Dex groups, lower BDNF levels were observed in the Oxy group at 30 min after tourniquet release. In addition, the BDNF level in the Oxy group at 6 h after tourniquet release was also significantly lower than in the Dex group (p<0.05). These unexpected findings suggest that treatment with Oxy may increases risk of cognitive complications. Several studies suggested that Oxy can relieve the inflammatory response [12, 13] , so we hypothesized that Oxy could reduce inflammatory reaction and improve postoperative cognitive function. However, our study data contradict this hypothesis. We speculate that inflammation-dependent mechanisms exist, and more research is needed to clarify these underlying mechanisms.
There are some limitations to our study. First, the number of patients was relatively small. Second, we only detected BDNF, and the cognitive function of patients was not assessed, so the effects of Dex and Oxy in this aspect should be investigated in future studies. Third, the exact mechanism underlying the regulation of tourniquet-induced acute limb ischemia-reperfusion injury by Dex and Oxy were not explored. Last, we did not evaluate the prolonged benefits of Dex and Oxy, and further investigations are needed to assess the long-term effects of these treatments on both local limb and remote organs following tourniquet-induced I/R injury.
Conclusions
The present study indicated that patients undergoing lower-extremity surgery with tourniquet use showed a hyperdynamic response and elevated proinflammatory cytokines, and even suffered from remote multiple-organ injury. Compared with Dex, Oxy was not inferior in mitigating these effects. As a convenient intervention, both Dex and Oxy appear to be safe for clinical use.
